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It is demonstrated, by computer-assisted analysis, that TS bacteriophage early genes DlO and D13 encode proteins con- 
taining the purine NTP-binding sequence motif. The DlO gene product is shown to be a member of a recently character- 
ized superfamily of (putative) DNA and RNA helicases. The D13 gene product is related, at a statistically significant 
level, to the gene 46 product of bacteriophage T4 which is a component of an exonuclease involved in phage DNA replica- 
tion, recombination and repair. A lower but also significant degree of sequence similarity was detected between the gene 
D12 product of TS and the gene 47 product of T4, the second component of the same nuclease. It is hypothesized that 
both DIO and D13 gene products of T5 might be NTPases, possibly DNA-dependent, mediating NTP-consuming steps 
during phage DNA replication, recombination and/or repair. 
NTP-binding sequence motif; Helicase; Exonuclease; DNA replication; DNA recombination; DNA repair; (Bacteriophage T5, Bacterio- 
phage T4) 
1. INTRODUCTION 
T5 is a large coliphage with a typical complex- 
shaped virion and an approx. 121 kb dsDNA 
genome with direct terminal repeats [ 1,2]. Unlike 
T7 and T4 phages, whose replication machineries 
have been extensively studied both structurally and 
functionally, very limited information is available 
on the molecular genetics of T5, especially at the 
Correspondence address: A.E. Gorbalenya, Institute of 
Poliomyelitis and Viral Encephalitides, USSR Academy of 
Medical Sciences, Post Office Institute of Poliomyelitis, 142782 
Moscow Region, USSR 
Abbreviations: gp, gene product; TEV, tobacco etch virus; 
WNV, West Nile encephalitis virus; BVDV, bovine viral diar- 
rhea virus; K2, yeast mitochondrial plasmid pGKl2; VV, vac- 
cinia virus; VZV, varicella-zoster virus; S.C., Saccharomyces 
cerevisiae; M .l . , Micrococcus luteus 
level of gene sequences. Several T5 gene products 
have been implicated in DNA replication but only 
DNA polymerase [3], DNA-binding protein [4], 
5 ’ -exonuclease [5] and dihydrofolate reductase [6] 
functions have been assigned to specific genes. 
Recently, two of us reported the sequence of ap- 
prox. 10 kb of T5 DNA encompassing several ear- 
ly genes [7]. Here, we present results of computer 
analysis of the sequences of the proteins encoded 
by two of these genes, DlO and D13. Both proteins 
contain a purine NTP-binding motif and might 
possess NTPase activity. A helicase activity is pro- 
posed for DlO protein whose sequence was related 
to those of a superfamily of (putative) helicases. 
The sequence of D13 is highly similar to that of 
gp46 of phage T4. A degree of sequence similarity 
was observed also between D12 protein of T5 and 
gp47 of T4. Together, these observations uggested 
that, like gp46 and gp47, T5 proteins D13 and D12 
might be subunits of an exonuclease involved in 
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I Is 
eIF-4A I 68 gYdvIaPAqs GtGKTstffiI sIlqq 7 tPalVLapT rela-qQIqk vvllal 
E.coli RECP I 41 grdCLVvapt 6gGKGLcyQI pall1 I GltvVVspl iGlHkdPVdq 1Pang 
H.1. UVRG I 40 EkdvVLmGat BtGKGat--t Anlve 3 rptlVHVqn kTla-aPLan efrel 
G.C. RAD3 I 34 ggnsILEmps GtGKTVsl-L sLtia G rkiiycsrT l GeI-ekalv elenl 
TEV CI I 76 ardfLVrGav BsBKGtg--L p---- 7 GrvlWLepT rplt-dNtlhk qlrse 
WNV NG3 8186 kQitVLDlhP GaGKTrki-L pqiiK 7 1rtaVLapT rvva-aEWse Alrgl 
GVDV PI25 I ? gDfkqItlat GaGKTte--L pkAvi 7 krvlVLIp1 raaa-esVYq ymrlK 
K2 P4 : 53 ysGlIVcydv GlGKTyaCI-a cLLhm 5 fkvlyLsnG InSI-dNfrn eyeKv 
VU NTPaseI I 47 nhG1LLfhet GvGKTtlt--t vyilK 7 nwaiILLvk kalI-•DpWm ntIlR 
VU NTPaseIl : 37 NrGvLLfhir GsGKTIIA-L lflllv 4 kkvyILVpn iniLkifnYn ngVam 
vzv gps1 I 59 rpvtVVrApm GsGKTtal-L l ulqh S isvlVVsCr rGft-qtliq rfnda 
CONS tt G GKT + + ttL p tt t t 
G 
T5 DlO :lOO DDTCIINGkP GIGKTILA-L ALAyK 1 6QKtLVICT nTGI-rEHWa AEVRK 
II III 
Wan eIF-48 I 47 1spKyi kmfVLDEade nLsRgF 12 sn tqvVlLGATW psdvle-Vtk Kf 45 
E.coli recP : 45 lahwnp vlLaVDEaHc isqwgh 16 pt 1pftlALTATa ddttrqDIVr 11 40 
H.1. uvrB : 245 Dyfpdd flLVVDEsHv tIpqig 36 ri gqtVyLSATp gayE1gRadg yv 37 
G.C. RAD3 : 134 Nevskd siVIfDEaHn idnvci 206 rf ssvIitGGT1 splDnyprW1 nf 59 
TEV CI : 36 aevKtY dfVIIDEcHv ndAGai 12 gk --vLkVGbTp pgREve-ftt qf 33 
WNV NG3 : 34 hrvpnY nlfItiDEaHf tdpaGi 12 ge aaaIfWTATp pgtsdp-fpe sN 29 
BVDV ~125 : 39 aanveY syIfLDEyHc atpeql 12 ir --vVAtlTATp agsvtt-tgq Kh 34 
K2 P4 : 29 sdnvdY GlIILDEVHn 1reGaY 12 nn skiLvITATp midskdEL-d si 82 
VU NTPaseI : 29 inGKsr icVIIDEcHn fIskG1 23 kn hkmIcLGATp ivnsvqEf-t ml 120 
VU NTPaseII : 34 lrrvnn sifIVDEaHn ifGnnt 10 nk ipfL1LGGGp itntpntl-g hi 147 
vzv gpsi I 33 EaidsY dvLILDEVns vII3qlY 19 rc sqiIARdATV nsqfid-LIs gl 68 
CONS t ttttDE+H tt+*TAT t 
s 
T5 DlO : 33 NlSKvF BtVIVDEVHh cVCITTF 7 ca rykIGLSGTL krKDglPVtlF KD 16 
IV V 
Han eIF-4A : t qavIfInTrR kvDwLtektlh Ardftvsamh gdHd 6 imrefRsGss rVlittdLla 
E.coli reck t k sgiIycnBra kvEdtaaaLQ skgisAaayh l gLe 6 vqEkfqrdd1 qIvvAtvaFq 
H.1. uvrB I e rvlVttLTkR naEdLtdyL1 eagvKveylh sdVd 6 1lrelRkGtf dVlvl3inLlr 
B.C. RAD3 : d GmvVffpSyl ymEsIvGWwP tligildevwk hkLi 14 tyrkbcsngr gaillsvarg 
t 
TEV CI 'r d nilVyVaSyn dvDsLgkLLv qkgyKvskid grtm 6 iitel3tsvkk hfivAtnIie 
WNV NG3 t g ktvwfVpGvK mgNeIalcLP ragkKvIqln rksy 6 -ypkcKnddw dfvyttdlse 
GVDV ~125 : g nmlVfVpTrn maveVakkLk Clkgyn ----s gyyy 6 NlrVvtrqsp yVivCltnaie 
K2 P4 8 s kinafInGiK egELtvlfsf yVkr-GIdft ssV1 38 sianiKGdni hIllGsSVlS 
VU NTPaseI : t 1yndfknGlR drEfskSaLD tfkr-Gellg gdas 76 ResntnBeci ktcvfsGsgg 
VU NTPaseII : s kfKyfInriq TlNgkhfIyf snGtyGglvi kyIn 45 spEnddGsq1 MflfrsnImS 
vzv gpsi : h nicIfsSTls fsELVaqfca ifTDsiLiln strp 0 1cNVnewkhf rVlvytTVvT 
CONS l f G tt t ttt T t 
T 
T5 DlO : m GhKVlIVGdR T-ELIqTILE fiLTPRGVttY fiIg 11 E-DIAKGGpc VLarAqSIFG 
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VI 
Han @IF-4A : r8IdVOPVSl VInydL 0 pt NrenyihriG RggRfgrkg- --VainHVte l dK 26 CZ81 
E.coli recP I nGInkpNVrf VVhfdI 0 pr NieryyPrtG RagRdglpa- --earLfyDp adr 264 I293 
M.1. uvrE : EGLdHpDLpe VsLvaI 8 Lr rtTsLiGtiG RaaRn-vng- --evhHyagn Vtd 142 C303 
S.C. RAD3 I EGIdf,Gygrt VLHigI 30 fD amrhaaQclG RVlRgkDdy- --gvnVLaDr rfr 92 I313 
TEV CI 8 NGVTI-DIdv VVdfgt 18 Vv ry9eriPklG RVgRhk---- --egvaLrig qtn 264 C323 
NNV MS3 I n6anf-kaSr Vldsrk 20 ai taaraaGrr6 RIgRnprqv- --gDeycygg htn 140 I333 
BVDV ~125 : sGVTLpDLdt VIdtgL 22 av tvgeqaGrrG RVgRVk---- --pgryyrsq eta 7 1341 
K2 P4 I EsITLyrVkh LhIiSp 0 fw NygqIkPriG RaiRIgrhe- -gLEdksMkV yLh 184 I353 
VV NTPaseI I EGISffrInd IfIldH 0 tw NEasLrPIvG RaiRLnrhvl tppErryVNV hfi 133 L361 
VV NTPaseII I ElyTLkEVrh IwfrTI 0 pD tfSqyNPIlG RsiRkfrya- --direpVNV yL1 165 I373 
vzv gp51 : vGLSf-DHah fhrnfa 7 gp DKIVSV~PIIG RVrlLLlne- -vLnyVdger trc 450 1383 
CONS G+ t t Vt P GR*R 
TS DIO I EGISLNELSc LIMgSL 0 IN NESlIEQLaG RVqRIVEgk- --LDPIVVDL IHK 43 173 
Fig.1. Alignment of the amino acid sequence of T5 bacteriophage DlO gene product with conserved segments of the helicase 
superfamily, Only selected sequences from the superfamily including more than 20 members (A.E.G. et al., submitted) are shown. 
Source references for the sequences are given in parentheses. Conserved segments are numbered above the alignment. Segments I and 
II correspond to the A and B sites of the NTP-binding motif, respectively. Numbers of amino acid residues in terminal regions and 
in spacers separating the conserved regions are indicated. Residues identical or similar to the respective residues of DlO are shown 
in capitals. Residues belonging to one of the following groups were considered similar: A,G; ST; L,I,V,M; F,Y,W; D,E,N,Q; R,K. 
CONS denotes the consensus pattern derived for 20 proteins of the superfamily. (+) Hydrophobic residues. Residues substituted in 
mutants of uvrB and RAD3 with impaired function in excision repair and/or helicase activity [30,39&l] are indicated in italics. Arrows 
denote two insertions of two and three amino acid residues in RAD3. 
phage DNA replication, recombination and/or 
repair. 
2. METHODS 
2.1. Protein sequences 
Sequences of T5 proteins were translated from the previously 
published DNA sequence [7]. Other protein sequences were 
from the references cited in the figures. 
2.2. Protein sequence comparison 
Initial searching of protein sequences for the NTP-binding 
motif was by visual inspection, or by the pattern-searching pro- 
gram SITE. Segmental multiple sequence alignment was per- 
formed by manually fitting a new sequence into a previously 
generated alignment, and the statistical significance of the result 
was assessed by the program SCORE [S]. This program 
calculated the difference between the score obtained upon com- 
parison of a query sequence with an alignment and the mean 
and maximal scores obtained upon 300 simulations of such a 
comparison with randomly scrambled versions of the query se- 
quence. This difference was expressed in standard deviation 
(SD) units. Scores were computed using the MDM78 amino acid 
residue comparison matrix [9]. Preliminary pairwise sequence 
comparison was by the program DOTHELIX generating the 
full map of local similarity between two sequences (A.E.G. et 
al., in preparation). Pairwise alignments were generated by the 
program OPTAL which is an implementation of the Sankoff 
algorithm of sequence alignment [lo] allowing optimal align- 
ment of amino acid sequences and its statistical evaluation in 
SD units [11,12]. 
3. RESULTS AND DISCUSSION 
3.1. Putative NTPases of T5 
Inspection of the open reading frames available 
in the sequenced portion of T5 genome revealed, in 
putative proteins DlO and D13, the so-called ‘A’ 
site of the NTP-binding sequence motif 
G/Axx(G)xGKS/T typical of numerous ATP- and 
GTP-utilizing enzymes [12-151. We compared the 
sequences of DlO and D13 to those of other NTP- 
binding motif-containing proteins. It was shown 
that the DlO sequence contained the 7 sequence 
motifs (the ‘A’ and ‘B’ sites of the NTP-binding 
motif included) conserved in the members of a 
recently characterized superfamily of (putative) 
DNA and RNA helicases (fig. 1; A.E.G. et al., sub- 
mitted). The functional importance of 6 of the 
conserved segments was confirmed by the results 
of mutational analysis of RAD3 and uvrB proteins 
(cf. fig.1). Quantitative evaluation of the DIO se- 
quence alignment with the conserved segments of 
20 proteins of this superfamily revealed that the 
alignment score exceeded the mean random score 
49 
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by 11.3 SD and the maximum of 300 randomiza- 
tions by 8.1 SD. This demonstrated definite 
evidence for the relatedness of the DlO protein to 
the helicase superfamily. 
For D13 protein, highly significant similarity 
(approx. 15.2 SD above the mean) was detected to 
the gene 46 product of T4 bacteriophage through 
the entire lengths of both proteins. Importantly, 
the most prominent conservation was observed in 
the vicinity of the A and B sites of the NTP- 
binding motif (fig.2). An unusual feature of both 
proteins was the very long distance separating 
these sites, the B sites being adjacent to the C- 
termini (cf. figs 1,2; cf. [12-U]). 
10 20 30 40 WJ bU 
1 TSDl5 t RSKITIKTLK FSNVMSYSKD -IVIHFDKNP VTPLIBBNBL BKSTIATVIE ELFYNKNSRB 
, ..I .1.111. II II . 
2 ~4sp46 t VKNFKLNRVK YKNIRSV~EIN SIDIPLDKVP KCLiT&t&G &~RLEAIT FGL~G~PF~D 
i * **iI 
70 SO 90 100 110 120 130 
1 I IKKDALFSWN APKKEYDRHA YFSKDEDEYE LHKVVKSTdK VTLIKNQEDI SQHTATPTYK N-IEEIfl66D 
.:: I ISI . . . 
2 I VKKBOLIN-6 TNKKELLVEL WtlEY&KKbY iKks&PNV- FEiTVkbTR; NES&B;iKDFP AEF&;i&S 
140 150 160 170 160 190 200 
1 I FPTFTKLIYR SVBSNLDFLK ATDATRKAFL VNLFNPEPYK ERSETIKLDR KEIaNTLNNL QBPAllVITKI 
. 
2 i ';&KPiiWL GT;BYTP&G LiTPAkkKLV E;I:L;VGTLA ;;DKLN;;-- -----LiR;: &----NO; 
210 220 230 240 250 260 270 
1 : LNGKNNLGTL PEPVEVPEFD EEPLAQELTE SKIKAALAKS PEANITKLRN LDKAVQVMP SFEPFKNLPA 
. . . . . ..I. 1 
2 : I~v~KD--SI I~OIKI--YN DNVER~KKLT GDNLTRLI~NR YDDLAKE~LT LKsEi---:E ANkRLvbvL 
260 290 300 310 320 330 340 
1 I PTDQNEEISS VTRDLTIVTS RIISEVKKRYP KFKPEMNTE CPTCBTHLNT TMOKAIIDHA RVEYDPLFKE 
2 I DEIOPT'O~FNK 
. . ..I . 
IG&F;iK:S KIDBYN~VIN &HEBE---L ',b\L~Gat-- BS~DKVVSKI KD ______~V 
35a 360 370 360 390 400 410 
1 I KOSLEAKLEP LKKEOLEYVA YTRAKDALDK ClVVIlRDEFKN SIISDASFEEL NVOILQVQIR BLEPEIBDBR 
2 I SECTHG-F;h tSTH 
*III .I Il... * . . 
------ ----RDNL-K VLV--DEYRD NIKTO----- --bGl*Ni$ ~JKK~SLI*~V 
420 430 440 450 460 470 460 
1 I SKVAIAKEHN ATVELANAKY KAKLEQIEKA EAERTEITSK LDQVSEWAD LDILIAALKN --LVSYKLEH 
Dt( 
. . ..I , . 
2 I ---'ntcKVK ',Ai',K&SEF IDHADEIALL PE;;DKiVKT KTNLVHEKYH RG'I:TD"t'Kb SGiKEAIIKK 
490 500 510 520 530 540 550 
1 : SVKVFEELIN KYLSIRTGQK FfiLGFELDET KLQVVIFNDB NRTSRENCST GPPSRINL~T LLClIRilLLTS 
. . . . 
2 I YIP;:NKO',: HCILK~~EBD- 
. . . . . 
YV--:T$E FNETIKSRGR EDFBYLSFI~E &KhkiDibL :FT&DMSI 
560 570 560 590 600 610 
1 I ISKVNINLLF LDEVI-SFID TKGLDTLVEL LNEEESLNBI IVSHBHTHPL AHKITVK-KD AEGFSYLE 
I . . . . 
2 : ;‘,GtS;ST:I :;:bFDBGF: AEfiiKGVANI i;SRKNT:VF ii:',KDHD;Q EYsPHLQR:K VGR:;V"V 
iI* tt 
Fig.2. Alignment of amino acid sequences of D13 protein of T5 and gp46 of T4. The alignment was generated by the program OPTAL 
written in FORTRAN 77 and run on an IBM PC AT. Colons denote identical residues, and dots similar residues (defined as in fig.1). 
Asterisks indicate conserved residues of the A and B sites of the NTP-binding motif. The gp46 sequence was from [41]. 
Volume 252, number 1,2 FBBS LETTERS July 1989 
In T4, gp46, as a complex with gp47, the pro- 
duct of the neighboring gene, constitutes an ex- 
onuclease involved in phage DNA recombination, 
replication and repair [16-181. Comparison of the 
amino acid sequences of gp47 and the D12 gene 
product of TS revealed similarity at the level of ap- 
prox. 5 SD (not shown). No comparable similarity 
could be revealed between the sequences of other 
proteins encoded in the respective genome regions 
of the two phages. Nevertheless, as the actual 
percentage identity between D12 and gp47 was low 
(< 15%), and no data pertaining to possible func- 
tional sites in these proteins are available, this rela- 
tionship could not be established with certainty. 
3.2. Implications for phage replication 
Proteins containing the NTP-binding motif are 
encoded by genomes of many viruses belonging to 
highly diverse groups, including bacteriophages T7 
and T4, parvo-, papova-, herpes- and poxviruses 
as well as a number of groups of RNA viruses 
([12,19-231 and A.E.G. et al., in preparation). 
Most of these proteins are involved in DNA or 
RNA replication and/or transcription; one of their 
main functions appears to be that of a DNA(RNA) 
helicase ([24,25] and A.E.G. et al., in prepara- 
tion). A helicase function is also plausible for the 
DlO gene product of T5, as demonstrated by the 
observation that this protein belongs to a super- 
family of (putative) helicases. The gene D13 pro- 
duct has been implicated in phage DNA replication 
[2]. It is tempting to speculate that products of T5 
genes D13 and D12, like their probable T4 counter- 
parts gp46 and gp47, may form a complex with an 
exonuclease activity. This assignment is in agree- 
ment with the results of very recent experiments 
demonstrating that a plasmid expressing D12 and 
D13 complemented mutants. in genes 46 and 47 
when introduced into bacteria infected with mu- 
tant T4 (A.V.K. and V.M.K., unpublished). In the 
(putative) phage exonucleases gp46 and D13 pro- 
tein are probably NTPase subunits, whereas gp47 
and D12 protein might confer the nuclease activity. 
In this respect, the phage enzyme complexes seem 
analogous to multifunctional nucleases/helicases 
involved in E. coli DNA recombination and repair 
such as uvrABC and recBCD [26,27]. 
It seems a common feature of large DNA viruses 
to encode two or more proteins containing the 
purine NTP-binding motif predominantly involved 
in genome replication. This is the case for T4, pox- 
viruses, at least some of the herpesviruses (A.E.G. 
et al., in preparation), and T5 (this paper). It 
would be no surprise if further exploration of the 
T5 genome revealed additional proteins of this 
class. 
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NOTE ADDED IN PROOF 
Since the acceptance of this paper, the manuscript on the helicase superfamily mentioned on page 49 as 
‘A.E.G. et al., submitted’ has been accepted for publication. It will appear as Gorbalenya, A.E., Koonin, 
E.V., Donchenko, A.P. and Blinov, V.M. in volume 17 of Nucleic Acids Research. 
52 
